Humankind's ongoing battle with pest species spans millennia. Pests cause or carry disease, damage or consume food crops and other resources, and drive global environmental change. Conventional approaches to pest management usually involve lethal control, but such approaches are costly, of varying efficiency and often have ethical issues. Thus, pest management via control of reproductive output is increasingly considered an optimal solution. One of the most successful such 'fertility control' strategies developed to date is the sterile male technique (SMT), in which large numbers of sterile males are released into a population each generation. However, this approach is time-consuming, labour-intensive and costly. We use mathematical models to test a new twist on the SMT, using maternally inherited mitochondrial (mtDNA) mutations that affect male, but not female reproductive fitness. 'Trojan females' carrying such mutations, and their female descendants, produce 'sterile-male'-equivalents under natural conditions over multiple generations. We find that the Trojan female technique (TFT) has the potential to be a novel humane approach for pest control. Single large releases and relatively few small repeat releases of Trojan females both provided effective and persistent control within relatively few generations. Although greatest efficacy was predicted for high-turnover species, the additive nature of multiple releases made the TFT applicable to the full range of life histories modelled. The extensive conservation of mtDNA among eukaryotes suggests this approach could have broad utility for pest control.
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Introduction
Pest species (organisms which may cause illness, or damage or consume food crops and other resources important to humans) are critical drivers of global environmental change [1, 2] . Pest species are typically abundant, invasive and difficult to control, and can have major impacts on agricultural productivity and native biota worldwide [3] [4] [5] . The knock-on effects of such impacts often result in ecosystem-wide consequences for species interaction networks [6] , community composition [7] , and important ecosystem services such as nutrient cycling and carbon sequestration [8] . Pests are therefore often the target of costly eradication or control programmes [4, 9] .
Conventional approaches to controlling pests, be they plants, vertebrates or invertebrates, usually involve lethal control techniques, such as poisoning, trapping or shooting vertebrates, herbicide application for weeds, and surfactants for mosquitoes. However, sustained control using these techniques is often limited by cost and effectiveness at low population density, making eradication unlikely except in small geographically defined areas such as islands [10] . These constraints, in addition to adverse non-target effects on other species [9, 11] , concerns over environmental contamination and animal welfare (in particular for the control of vertebrate pests [12] ), and the evolution of resistance with respect to toxin application [13, 14] , have all spurred a strong demand for more targeted, cost-effective and humane methods of managing pests [15, 16] .
Management of pest populations via control of reproductive output is generally considered one optimal solution to such issues [17] [18] [19] . Theoretically, these approaches are generally more effective at rapidly reducing population size in pest species with relatively high fecundity, low survivorship rates and short generation times [20] . However, the development of such 'fertility control' to date has been less than promising, with technologies either unable to reach the levels of efficacy required [21] [22] [23] , or having undesirable non-target effects [24, 25] . Arguably, the most successful of these approaches to date has been the sterile male technique (SMT) commonly applied to invertebrate pests [26, 27] , in which large numbers of sterile males (SMs) are released into a population each generation. Females mating with a sterile male produce few or no viable progeny. If released in sufficient numbers, then enough females mate with SMs to bring about a reduction in population size in the next or subsequent generations [28] , and repeated release will ultimately result in a population being greatly reduced in abundance or even eradicated [29] . For example, use of the SMT has eradicated the parasitic screwworm fly from multiple countries, with an estimated US$796 million per annum saving to the USA alone [27] . However, the SMT has not been a long-term sustainable solution to pest control in all cases. In particular, under current approaches, very large numbers of SMs need to be produced and released year after year, which is a time-consuming, labour-intensive and costly process that may prohibit its use in poorer countries [30] . Here, we explore a new twist on the sterile male control paradigm, using mitochondrial (mtDNA) mutations to introduce 'Trojan females (TFs)' into wild populations where they will continuously produce 'sterile male' equivalents under natural conditions, across multiple generations.
While it is well established that mtDNA mutations can have dramatic consequences for individual fitness, causing degenerative diseases and cancer through extreme disruptions of the oxidative phosphorylation system (essential for aerobic respiration) [31 -33] , more subtle effects of mtDNA mutations on male fertility are only now being realized [34 -43] . Most tissues can function well when mitochondrial capacity is reduced by as much as 80% [32, 33, 44, 45] . However, the dependence of sperm vigour on mitochondrial capacity, together with the relatively small numbers of mtDNA in a sperm [46, 47] , means that even a modest reduction in mitochondrial capacity can impact male fertility substantially [35, 38, 41, 43, 44, 48] . Owing to the asymmetry between egg and sperm dependence of mtDNA function, mtDNA mutations can potentially cause large reductions in male fitness while having little or no effect on female fitness; a view supported by empirical data from mice [38, 41] and more recently flies [34, 35, 37, 43] . The maternal inheritance of mtDNA will further exacerbate the fitness costs to males, because deleterious mutations that affect only males will not be subject to natural selection [44, 49, 50] . Indeed, theory predicts that regardless of the selective pressure in males, mtDNA mutations will be maintained at a mutationselection equilibrium frequency determined solely by the relative fitness of a female bearing the mutation [49] , except under rare situations where there may be high levels of positive-assortative mating or strong inclusive fitness costs to females [51] [52] [53] . Surprisingly, the opportunity that this fitness asymmetry presents for biological control of pest organisms has not previously been recognized, even though the predicted effects of such mtDNA mutations on the viability of small populations of endangered species are recognized [44, 50] . The purposeful introduction of females carrying such mtDNA mutations into pest populations offers a novel humane approach to their management via fertility control-a concept we term the Trojan female technique (TFT).
In this paper, we use a modelling framework to conceptually explore the utility of the TFT for continuous, self-sustaining biological control of pest organisms. Model exploration and sensitivity analyses were conducted to address three fundamental questions: (i) 
Material and methods (a) General two-sex growth model
We began with a simple and general two-sex model to describe the dynamics of male and female population densities (numbers/area) in a closed community with no spatial heterogeneity. This can be presented via
Here, r is the sex ratio at birth, b and d are density-dependent birth and death rates ( per capita), respectively, and N is the total population size at each instant of time. Model (2.1) is a deterministic birth -death process with no immigration or emigration effects. P(M) is the female mating rate. In fact, P(M) represents the probability of male -female encounter in the closed population, irrespective of any spatial patterns. A shortage of mating encounters or a sustained disruption in the mating process can affect the reproductive rate of a population. Hence, from a modelling point of view, Allee effects pertinent to mate finding are usually embedded in the fertilization rate. Mate-finding Allee effects can give rise to strong demographic Allee effects, and therefore facilitate pest population reduction or eradication.
We also note from model (2.1) that P only depends on the male population size. This represents a polygynous mating system in which it is assumed that male individuals are not sperm-limited and can achieve arbitrarily high mating rates. Among a variety of functional forms available for the fertilization probability the rectangular hyperbolic form is the most common, mainly owing to its mathematical simplicity and convenience. The rectangular hyperbolic function for P(M ) is given by We extended the two-sex model (2.1) by considering a multi-state framework for individuals in the population, distinguishing between their mtDNA genetic make-up (wild-type versus mutant). The population dynamics of all four states are given by the following block of ordinary differential equations:
where M and F refer to the wild-type individuals, and M * and F * represent mtDNA mutants. A detailed parameter description is given in the next section.
Under the most favourable scenario, where mutant males are assumed to be fully sterile (as opposed to just suffering reduced fertility), we would expect a decline in female fertilization probability as the proportion of mutant males increases. This scenario is predicted by ) mates with a wild-type male (M ). Mutant individuals have the same survival probability as their wild-type counterparts. r is the sex ratio at birth and we assume 51% male at birth. l is the average birth rate per female. (iii) Female fertilization probability is given by
, there is a weak mate-finding Allee effect present in the population. (iv) The parameter q is an average ( per month) maturation rate. We define the quantity 1/q as the generation time (months), being the time that it takes for a juvenile to reach adulthood and commence reproduction. (v) B(N ) is the probability of a successful conception and it depends directly on the proportion of females breeding as well as the mating probability, P(M,M * ). The proportion of females breeding denoted by b(N) is calculated via bðNÞ ¼ 0:9=ðN=500 þ 1Þ; where N is the total population density per 100 ha. The overall B(N) is given by BðNÞ ¼ bðNÞð1 À ð1 À PðM; M Ã ÞÞ k Þ; where k is the mating frequency per year (assumed equal to 1, i.e. monogamy, unless noted otherwise).
Simulations of the generic mtDNA mutant population model were conducted in MATLAB, using a monthly time-step and a generation time of 12 months unless otherwise noted. Management scenarios were explored across a range of maximum birth/death rate combinations, in which b was varied up to 10 per year and d was varied up to five per year. Each simulation began with initial values of Fð0Þ ¼ Mð0Þ ¼ 50=100 ha. We then let the computer program run until the time when the wild-type population level reached its stable level with a maximum carrying capacity of K 1 . Having the wild-type population stabilized around K 1 , we then released either mutant females (simulating the TFT) or mutant males (simulating the SMT for comparison). The number of mutants released is a fraction of the total population prior to the start of the next simulated year. After the intervention, we let the population stabilize around a new carrying capacity K 2 , and calculated the relative population decline by D ¼ 1 À K 2 =K 1 .
Results
The modelled biological control approach is based on either single or multiple releases into the pest population of TFsadult females carrying mutant mtDNA (F * , causing male sterility) but which are themselves fully fertile-under the assumption that there is no mortality of released animals. Once established in the population, these females mate with local males and produce a continuous supply of mutant individuals over the subsequent generations so long as there are fertile wild-type males with which to mate. Model simulations were first conducted to explore the relative population decline predicted from the release of TFs equivalent to 1 and 10% of the total standing population abundance (figure 1). Trojan female release at 1% of the standing population (figure 1a) achieved appreciable population declines (approx. 10%) over a large region of the parameter space explored, particularly in the high-birth-and high-death-rate region, with the effect being more sensitive to changing death rate than birth rate. TF releases at 10% achieved high levels of population suppression over a large area of the parameter space explored (figure 1b), and the demographic outcome with respect to varying birth and death rates was maintained (figure 1b).
For logistical purposes, such as constraints in the breeding of mutant animals or an unwillingness to boost populations in the field by too much (resulting in unwanted consequences such as human annoyance by mosquitoes or vertebrate pests impacting native fauna), frequent low-frequency releases may be a more valid option for TFT application than large one-off releases. We thus explored how yearly low-frequency releases at 1% perform. Over 10 years, this approach greatly increased the effect predicted to be achieved by 1% releases, even markedly increasing the parameter space across which high levels of population suppression occurred relative to a one-off 10% release in year 1 ( figure 1c) . Furthermore, no matter the size of the yearly release, given a sufficient length of control application, gains always appeared to be additive over time in the models, until target species eradication was achieved ( figure 1d) .
To compare the TFT with the existing successful SMT, we simulated annual releases for both approaches until residual pest populations reached 1% (at a yearly birth rate per female of 8 and a yearly death rate per capita of 1-pest species lifehistory parameters amenable to SMT application). A release ratio of 170% (the predicted minimum effective release ratio for successful control using the SMT [27] ) reduced residual populations to below 1% in just two releases for the SMT, and in just one release for the TFT. For the SMT, this is not realistic of the situation in the field, probably due to the non-spatial nature of our model. Rather, suppression to below 1% within a decade (a time scale realistic of the SMT [29] ) was achieved in our model with release ratios of 65% for the SMT and 22% for the TFT (figure 2). While the simulated population rebounded upon cessation of release under the SMT, population suppression was maintained under the TFT owing to its persistent nature. As a result, continuation of release until eradication would not be required under the TFT; rather, population levels need only to be suppressed sufficiently for environmental or demographic stochasticity to lead to population extinction.
To investigate how social systems in which females mate with multiple males might influence the predicted utility of the TFT, we selected four representative life histories from figure 1 and quantified how the level of population suppression achieved by 10 successive releases of TFs at 1% varied with increasing numbers of female mating partners (from 1 up to 10 different males each year). These simulations were carried out under the extreme assumption that a female mating with just a single wild-type male each year produces her full complement of offspring, regardless of how many mutant males she mates with, to illustrate the maximum likely effect of such mating systems. Our results show that while multiple mating reduces the predicted suppression effect of the TFT, substantial effects remain even if females have high rates of multiple mating (figure 3). Comparison of the SMT (red) and the TFT (blue) at their minimum yearly release rates sufficient to suppress the modelled population to 1% of its initial level within 10 years (with birth rate ¼ 8 per year and death rate ¼ 1 per year). The comparable yearly release rates of SMs and TFs were 65% and 22% of the standing population, respectively. Finally, to investigate how variation in target pest species generation time may also influence the utility of the TFT, the simulations presented in figure 1 were repeated for species with generation times of 3 months, 6 months and 2 years (see electronic supplementary material, figure S1 ). In general, the broad patterns predicted for a target species with a generation time of 12 months were maintained, with the level of population suppression showing a positive relationship with increasing generation time (all else being equal). This relationship is driven by the increase in control effort per generation with increasing generation time.
Discussion
Research has identified a situation in sexual organisms where mutations deleterious to male (but not female) fitness can accumulate in maternally inherited mtDNA without selection acting against it, imposing a male-specific genetic load [49] . Authors have previously discussed the consequences of this for endangered populations and their conservation [44, 50] .
Conversely, here we demonstrate the potential to use this apparent evolutionary loophole for a novel humane approach to pest population control-the TFT.
Our models demonstrate that mtDNA mutations that affect male, but not female reproductive fitness have potential as biological control agents for pests, having predicted populationscale impacts in relatively short time frames (figure 1d). We find that the TFT has the greatest efficacy when applied to species with high turnover rates (figure 1a-c), with only a slight influence of generation time (see electronic supplementary material, figure S1 ). This is in broad agreement with similar assessments for fertility control in general [20] . We also find that single releases of TFs can provide effective reductions in population sizes when such releases are relatively large (10% of the total population), but the effectiveness of single releases drops when the proportion of mutant females is lower (1%). However, multiple releases of smaller numbers of TFs (1% of the total population) can provide effective and persistent control within a relatively small number of generations. In addition, the additive nature of multiple TFT releases enables high levels of predicted suppression to be achieved even when single releases have limited impact owing to less optimal life-history parameters and/or social structures.
The predicted success of the TFT approach is further improved by the simultaneous release of both the mutant females (TFs) and the SMs that would be produced as a byproduct of producing TFs for release (see electronic supplementary material, figure S2 ). While our main focus here is on the effects driven by the release solely of TFs, this modification would have two key advantages. First, the release of these SMs has an immediate effect on offspring production. Second, it avoids the time-consuming, costly and potentially ethically challenging issue of sorting through and discarding the unwanted sex; a significant shortcoming of the SMT approach. The TFT approach circumvents the need to sort through the sexes, as the release of both females and males will produce population control, albeit in different generations.
Other approaches to pest population management through fertility biocontrol frequently encounter two significant issues. The first is associated with the use of additional species, such as transgenic parasites, to vector the control agents of choice (e.g. genes for zona pellucida proteins, production of which stimulates an auto-immune response [54] ). While such vectors could indeed lead to 'transmissible' biocontrol (i.e. population control achieved through self-disseminating agents [18] ) the potential for non-target impacts may make them ethically unusable [24, 25, 55] . The second is associated with the non-permanent nature (at the population scale) of the control approach used. Even successful approaches, such as the SMT [26, 27, 29] , require ongoing releases of control agents to maintain population regulatory effects, because the agents (in this case, sterile male individuals) are quite quickly lost from the population (in this case, simply through mortality). The sex ratio distorter in Wolbachia is a more persistent form of male control; however, its efficiency still declines over time owing to the eventual evolution of resistance [56] .
While the SMT and other approaches in development, such as transgenic manipulation of sex (e.g. the daughterless carp approach [57] ), may circumvent the first of these two issues, with sterile individuals of the target pest species being their own vectors of dissemination, the TFT is the only proposed approach that potentially circumvents both problems. As with the SMT, individuals of the species targeted for control are themselves the agents of biocontrol dissemination. However, while released SMs are rapidly lost from target populations through mortality, and the genetic mutations responsible for daughterless carp are selected against and lost in potentially relatively few generations [58] , the TFT is self-perpetuating in nature as long as the mtDNA mutations involved do not impact female fitness. As a result, the TFT offers persistent, humane, intergenerational reproductive control of pest populations, at a frequency that is dependent on the frequency of TFs in the population. Control can be enhanced in subsequent generations by releasing more TFs into the population, or reduced by release of wild-type individuals. This ability to attenuate, or completely reverse, the level of reproductive control makes this approach useful in multiple settings, from eradication (e.g. rats) through to management of conservation species where populations outgrow their available habitat (e.g. elephants). For achieving the goal of eradication, the persistent nature of the TFT and the additive effects of multiple releases also offer additional benefits over conventional control. While eradication by lethal control requires a high proportion of a pest population to be killed to stop population growth (otherwise the gains made are eroded by reproduction of the residual population [59] ), a step-bystep management approach can potentially be developed with the TFT, with low erosion of biocontrol gains between control operations. In addition, the additive nature of multiple releases makes the TFT applicable to pest species whose life histories make them less suitable for singleapplication approaches (figure 2). Furthermore, with the persistent regulatory effect of the TFT being determined by the proportion of mutant females as opposed to the absolute number, the TFT will be equally applicable to pest species whose populations are not regulated by density-dependent processes (as is modelled here).
There are five potential hurdles to the development and application of the TFT for pest population control. The first is the need to identify mutations that have asymmetric effects among the sexes. However, finding these mutations may be increasingly simple. We now have examples of such mutations stemming from work in mice [38] , hares [40] and fruitflies [35] . As more examples are described, the core rspb.royalsocietypublishing.org Proc R Soc B 280: 20132549 characteristics of such mutations will become increasingly well understood, enabling them to be rapidly identified in screens of wild populations or mutagenized stocks. Such screens will be further simplified by high-throughput molecular capture and next-generation sequencing protocols that allow whole-molecule screens of mtDNA variability within large populations [60] .
The second hurdle may be the costs of production and release of sufficient TFs to have an appreciable impact at the population scale. However, the TFT could be used in combination with other more traditional forms of pest control, with physical or chemical reduction of the target population immediately prior to the release of TFs, so that fewer individuals are needed to achieve set targets of population suppression. Such an approach is predicted to be beneficial to the efficacy of biocontrol applications in general [20] .
The third hurdle may arise if the TF mtDNA type confers major fitness costs to females carrying the mutation versus wild-type females. Under this scenario, the TF mtDNA would be rapidly lost from the population through selection (as for the daughterless carp approach [58] ), heavily constraining the prospects for intergenerational control. Male fertility control via TFs would also be compromised by any spontaneous back mutations in the mtDNA, or compensatory nuclear mutations that led to the restoration of mitochondrial function, and thus male fertility. Spontaneous back mutations in the mtDNA that restore fertility are predicted to be infrequent, probably occurring at rates of 1.7-6.2 Â 10 28 per site per year [61] , and are thus only likely to be an issue at small scales. Compensatory nuclear mutations that restore mitochondrial function are likely to pose more of an issue to the persistence of the TFT as these could rapidly sweep through affected populations as a consequence of their strong selective advantage to males. The existence of mutations in so-called restorer loci have long been known of in plants [62] , but we do not yet know whether such compensatory mutations might arise in animals. Nonetheless, both mtDNA back mutation and nuclear compensatory mutations could be readily detected by regular monitoring of mtDNA sequence variation and male fertility parameters within populations under control. The further introduction of original TFs would alleviate the problem of mtDNA back mutation, while the effects of nuclear compensatory mutations might be thwarted using TFs that possess alternative or additional mtDNA genotypes that confer male infertility. The fourth issue stems from theoretical predictions that under high levels of positive-assortative mating or strong inclusive fitness costs to females [51 -53] , mtDNA mutations that effect males, but not females will confer indirect selective disadvantages to females, resulting in the elimination of these mutations from the population. Such scenarios are predicted to be rare, but recent work has also demonstrated, at least in theory, that strong spatial population structure could induce selection against such male infertility mutations by increasing the rate of inbreeding and the fitness costs to females of mating with infertile males [63] . Given that many populations exhibit significant population structure, albeit at varying scales, any potential effects of spatial structure on the efficacy of the TFT approach require exploration, probably via spatially explicit modelling in the first instance.
While several factors will act against the success of the TFT, should mtDNA mutations that affect male fertility have direct positive fitness effects on females, or be linked with mtDNA mutations that benefit females, any such fitness advantage would strongly benefit the spread of the mutation conferring male infertility, heightening the prospects for control and potentially eradication. Such sexually antagonistic mutations have been previously identified in fruitflies [64] . Thus, through population screening or experimental evolution it may be possible to generate animals carrying mtDNA variants that not only lead to male sterility, but also confer increased female fitness.
The last hurdle would be if male reproductive fitness were to be only partially affected by the mutations carried by the TF, or if mating was biased towards males that did not carry the TF mutation. Under either scenario the ability of the TFT to affect population control would be reduced significantly. While these issues pose some concerns, the recent report of mtDNA mutations in fruitflies that completely impair male fertility, with no effect on female fertility [35] , are reassuring.
Although our results are compelling, we would be the first to point out that our model is relatively simplistic. To reduce the mathematical and computational demands of our simulations, we have used a deterministic framework to provide an averaged and smoothed solution to a problem that clearly has a strong stochastic element, and made several assumptions regarding life-history processes. In addition, we recognize that we have modelled this work assuming a closed population (with a finite and capped population size), while recognizing that most populations in nature are open to migration. Model refinement beyond this first proof of principle is thus desirable to explore further the nuances of how the TFT approach performs under different population and environmental scenarios. Further, the likely effects of both mating system and recruitment compensation on control efficacy at reduced population size, as noted for other fertility control approaches [59, 65, 66] , need to be explored beyond our simple treatment in figure 3 . Nonetheless, the conceptual demonstration presented here shows that the TFT has significant theoretical potential-a potential that is readily adaptable to any pest species, because mitochondria are common to all higher organisms [67] . The existence of an analogous situation in plants, cytoplasmic male sterility (CMS), wherein affected plants are unable to produce functional pollen owing to a maternally inherited cytoplasmic factor, adds further weight to the generality of this concept [62] . Indeed, CMS has been widely explored as a tool to limit reproduction of plants under various scenarios, including in biological control [68] . We anticipate that the TFT could have similar and broad utility in other systems.
